Abstract Coral communities at nine sites off the coast of Motobu, Okinawa, were examined 6 and 12 years after a 1998 mass coral bleaching event caused by anomalous seawater temperatures. Overall, mean coral coverage in creased from 17% in 2006 to 28% in 2010 at these sites, although these percentages were lower than the coral coverage at a nearby reef at Sesoko Island. Some of the corals that had not recovered (the "losers") at the Sesoko reef were found at some sites in the present study. Domi nant coral taxa differed among sites, probably because of differences in the environmental conditions at the sites, e.g., the socalled massivetype coral Porites dominated at a protected site near a river, while branchingtype Acropora was dominant at exposed sites. Acropora was one of the prominent shortterm losers, but contributed significantly to coral coverage increases due to its fast growth at some exposed sites. Adjacent reefs, which may share similar environmental conditions, also showed some variability, possibly due to processes such as coral recruit ment and post settlement survival, which acted on a smaller spatial scale. Multivariate analyses such as multi dimensional scaling were more sensitive than univariate analyses. Overall, recruitment was low, especially at sites with high coral coverage, which implies that remnant corals may have contributed to the recovery of these reefs.
stress than are massive corals (Loya et al. 2001) . Hence, after thermal stress, branching corals with lower thermal tolerance are expected to be replaced by more thermal tolerant massive corals (Loya et al. 2001; Côté and Darling 2010) . Furthermore, thermal stress may shift the structure of reef benthic communities to algaedominated reefs after the mortality of corals, especially in areas subject to local anthropogenic environmental changes that may lead to decreased herbivore numbers and/or high levels of nutrients (Hughes 1994; McCook 1999; Bellwood et al. 2004 ).
Environmental conditions may influence the extent of coral bleaching on various spatial scales. Across a scale of tens of kilometers, disparities in coral bleaching have been noted in Palau, where reefs within bays are less impacted than offshore reefs, apparently due to the shad ing effects of the rock islands (Golbuu et al. 2007 ). The same phenomenon has been observed among the Society Islands, where corals that are shaded by clouds during a thermal stress event do not bleach (Mumby et al. 2001 ). Berkelmans and Oliver (1999) examined variation in the degree of bleaching across large scales (hundreds of kilometers) along the Great Barrier Reef (GBR), and found that inshore reefs were subject to more severe bleaching due to their lower salinity. In southern Japan, differences in the circulation of warm water causes dif ferent degrees of bleaching between oceanic and coastal reefs among the Okinawa Islands (Nadaoka et al. 2001 ).
The effects of thermal stress on coral communities, and the recovery of communities after stress, may also vary at different spatial scales. Thermal stress usually occurs in a single event, yet its impact on coral communities may be drastic and widespread. In contrast, recovery is slow and often patchy, because of the different processes acting at different spatial scales (van Woesik 2002) . For instance, coral larvae may potentially settle across a wide area if receiving reefs have suitable substrate and environments (Hughes et al. 1999 (Hughes et al. , 2000 . However, postsettlement processes, such as mortality and differential growth rates of recruited corals, may influence their survival. If these processes differ on a small spatial scale, patchy distribu tions of corals may arise (van Woesik 2002) . Another factor that may cause variation in the recovery process is local environmental conditions on reefs, such as exposure to monsoon winds, strong wave action, and/or the presence of terrestrial inputs (Storlazzi et al. 2005; Becerro et al. 2006; Dikou and van Woesik 2006) .
Most studies of reef recovery after stress have in vestigated the cover and density of common corals as a sign of recovery in reference to baseline information ob tained prior to the disturbance (Kayanne et al. 2002; Golbuu et al. 2007) . This method provides information on the conditions of source colonies that may initiate recov ery processes. In addition to examining univariate indices such as the cover and density of corals, the present study investigated multivariate aspects of the composition of coral taxa within coral communities, as multivariate tech niques are more sensitive towards detecting changes in marine ecosystems (Warwick and Clarke 1993) .
Few studies have been fortunate enough to have es tablished monitoring programs that include data from before a thermal stress event (e.g. Glynn et al. 1988 ; Kayanne et al. 2002) . Loya et al. (2001) monitored changes in coral community structure before and after the 1998 thermal stress event on a reef off the southeastern coast of Sesoko Island (hereafter, SE Sesoko reef), Okinawa, Japan. They found that the mortality of corals due to thermal stress drastically varied among species, and they used the terms "winners" for corals experiencing low mortality (mainly massive species) and "losers" for corals suffering high mortality (mainly branching species). Re cently, van Woesik et al. (2011) extended the monitoring of the SE Sesoko reef to a 13year duration, and examined whether shortterm coral designations (i.e., winners vs. losers) persisted in the long term. The sites surveyed in the present study were also in this area (off the coast of Motobu, Okinawa; Fig. 1 ). Although no baseline data from before the 1998 thermal stress event are available for the present sites, we monitored across a larger spatial scale (10 km scale) than that used by van Woesik et al. Ten 1×1 m quadrats from each site, which were not adjacent to one another, were randomly selected for anal ysis in the laboratory. The percent coverage of reef benthic organisms was quantified using 100 sampling points in each quadrat, with the use of the CPCe program (Kohler and Gill 2006) . In the percent coverage analysis, compo nents of benthic communities were grouped as follows:
Materials and methods
hard corals (HC) overall, HC nonbranching, HC branch ing excluding Acropora, HC Acropora, soft corals, other sessile animals (including ascidians, sponges, the giant clam Tridacna crocea, and zoanthiids), macroalgae, turf algae, and coralline algae. We also estimated the percent coverage of rock, rubble, and sand. We further analyzed the percent coverage and densities of different hard corals (see Table 2 for abbreviations). To estimate density, corals whose center point was within the quadrat were counted on the images (Zvuloni et al. 2008) . Because recruits (≤2 cm) were only examined on the images, these were clas sified into coarser groupings such as Acropora, Montipora, Porites, faviids, and other corals. Corals with clear partial tissue mortality were not considered recruits. There may have been an underestimation of the number of recruits, as some corals underneath substrate or covered by other corals were not captured during recording (Edmunds et al. 1998) , nevertheless, these data provide important in formation on the variability among study sites. Differences among sites and between years were also examined using several multivariate analyses in PRIMER v6 (Clarke and Gorley 2006) . Community data, in terms of the percent coverage of different coral taxa, were stand ardized and fourthroot transformed to take into account the influences of rare coral taxa. Then these datasets were analyzed by multidimensional scaling (MDS) based on the Bray-Curtis similarity coefficient, and the results were plotted into ordination graphs (Clarke 1993) . Oneway analyses of similarity (ANOSIM), analogous to the uni variate ANOVA, were conducted to support the results of the MDS plots. In the plots, R values close to 1 suggested that sites or years were very different, whereas values close to 0 suggested that these parameters were very simi lar. The top 5 coral taxa responsible for the differences among sites and between years were identified using similarity percentage (SIMPER) analyses. Multivariate anal yses of dispersion (MVDISP) were used to determine which of the nine sites and years were most variable in terms of the percent coverage of coral taxa, as indicated by the index of multivariate dispersion (IMD), as increased variability among samples at a particular site has been considered an indication of stress in marine communities (Warwick and Clarke 1993) . IMD values near 0 imply no difference in variability between groups.
Results

Benthic components
Among abiotic benthic components, rock was the dom inant substrate at all nine sites, both in 2006 and 2010 (Fig. 2) . In 2006, 8 years after the 1998 thermal stress/ mass mortality event, most sites, except Yakkei 2 and Sesoko South (Fig. 2) , were characterized by low levels of hard coral coverage. Nonbranching hard corals were dominant at the other seven sites, with low coral coverage.
In contrast, at the two sites with high coral coverage, 
Density of corals
The colony densities of seven coral taxa were significantly higher at certain sites than at others, i.e., Acropora at Yakkei 2 and Sesoko South; Lobophyllia, Merulina,
and Symphyllia at Bise West; Montipora CF (coral foliose)
at Yakkei 2; Porites CE at Churaumi and Ryugu; and
Porites CM (coral massive) at Hamamoto (Fig. 3 and Table 2 ). The highest density among these coral taxa was
represented by Acropora at Yakkei 1 and Sesoko South. The densities of recruits of each coral taxon were higher at certain sites ( Fig. 4 and Table 1 ). The highest recruitment density of Acropora and other corals was recorded at Yakkei 1, whereas that of faviids was recorded at Chura umi, Ryugu, and Magaigua and that of Montipora was recorded at Yakkei 1 and Hamamoto. The recruitment densities of Porites were higher at Ryugu, Churaumi, and
Yakkei 1 than at the other six sites. Recruits of Acropora, Montipora, and other corals increased significantly at (Fig. 4 and Table 1 ).
Percent coverage of corals
The percent coverage of seven coral taxa increased significantly at certain sites between 2006 and 2010 ( Fig.   5 and Table 2 ). These were Acropora at Yakkei 2 and Sesoko South; Galaxea at Bise North; Montipora CB and Porites CM at Hamamoto; Pavona at Yakkei 1; Pocill opora at Bise North and Bise West; and Porites CE at Ryugu. The percent coverage of Acropora showed the highest rate of increase among all coral taxa at Yakkei 2 and Sesoko South (Fig. 5) . The largest decrease in percent coverage was exhibited by Lobophyllia at Bise West.
Overall, seven coral taxa had a significantly higher percent coverage at one particular site compared to the other eight sites, but the coverage of these taxa did not increase over time. These corals were Cyphastrea at Bise West and Churaumi; Favia at Bise West, Churaumi, and Ryugu;
Favites at Bise West and Ryugu; Merulina and Platygyra at Bise West; Montipora CE at Ryugu; and Porites CE at Churaumi and Ryugu ( Fig. 5; Table 2 ). Of these, Favia at Bise West, Churaumi, and Ryugu had the highest coverage. (Fig. 5) .
Astreopora, Goniastrea, Millepora, Pachyseris, Porites
Coral taxa composition
The compositions of coral taxa were significantly 
Discussion
In general, a few reefs in our study region showed some apparent recovery of hard corals by 2010, 12 years after a 1998 thermal stress event (Loya et al. 2001 ). In addition, unlike at some Caribbean (Hughes 1994) and Pacific (Hughes et al. 2007 ) reefs, the dominant organisms did not shift from corals to macroalgae. Although the percent coverage of turf algae was higher at sites located near a river (i.e. Hamamoto and Ryugu), the cover of macroalgae was relatively low at the other sites both in 2006 and 2010 in the present study. This may have been due to the gen eral lack of critical local anthropogenic environmental changes, such as overfishing and eutrophication, in the study area (e.g., Bellwood et al. 2004 ). In the region studied, the concentration of nutrients and phytoplankton biomass was low (Tada et al. 2003) , and fishery pressure has been reduced because of recent decreases in the fishing population (http://www.machimura.maff.go.jp/machi/ map2/47/308/fisheries.html).
The patterns of recovery of shortterm winners and losers at the present sites were quite comparable to those at the SE Sesoko reef. The shortterm winners (sensu Loya et al. 2001) , mainly thermally resistant massive corals such as faviids and poritids, did not increase in density or cover through time, as also observed by van Woesik et al. (2011) . This could be attributed to the low recruitment and slow growth of these corals. However, there was spatial variability among the reefs at the nine sites in the present study. Reefs with high coral coverage in 2006 and 2010 (Yakkei 2 and Sesoko South), or where coral coverage apparently increased during the study period (Yakkei 1), were those dominated by Acropora. This is due to its higher recruitment and growth rates than those of massive types such as Porites and faviids. Côté and Darling (2010) suggested that, by distinguishing be tween resistance and recovery, reefs without corals such as Acropora that are vulnerable to thermal stress will have the best chance of survival in the face of climate change.
They also suggested that vulnerable corals such Acropora and Montipora will be replaced by resistant corals such as Porites and faviids in Indo-Pacific reefs. However, in the present study, Porites and most faviids were not long term winners, because of their slow growth, which was also reported by van Woesik et al. (2011) who studied the Sesoko SE reef at a smaller spatial scale; however, these corals were shortterm winners (Loya et al. 2001) . The overall coral coverage in the study area increased from 17% in 2006 to 28% in 2010. These percentages are still lower than the percent coverage of hard corals during pre thermal stress conditions on the nearby Sesoko SE reef, which was 35% (Loya et al. 2001 ). The present study covered a larger spatial extent than did that of van Woesik et al. (2011) . As a result, coral taxa such as Millepora, foliose Montipora, and branching Porites, which were believed to be locally extinct at the Sesoko SE reef, were observed at some of our sites.
Our results also suggest that environmental conditions at the location scale (ca. 1 km) influenced recovery rates as shown by the dominance of certain taxa at particular locations. For instance, Acropora had high coverage at locations with higher water flow while Porites, which is more tolerant to turbid environments, dominated the lo cation near a river, as has been observed in other studies (Storlazzi et al. 2005; Becerro et al. 2006; Dikou and van Woesik 2006) . However, there was also variability between sites at a given location, particularly within locations 3 The structure of coral communities showed the greatest variability on the site scale. Murdoch and Aronson (1999) also observed higher variability among reefs within sec tors, which is equivalent to location in this study. On the other hand, observations among reefs on larger spatial scales (e.g. location scale) tend to show a less variable pattern, which is attributed to the influence of environmental factors that act on larger spatial scales. In fact, on the location scale, all univariate indices did not vary among reefs at the present study sites. However, there was variability in the composition of coral assemblages on both site and location scales, as shown in the results of multivariate analyses (ANOSIM for coral taxa composi tion), but the variability was higher on the former than on the latter scale. This supports previous studies that have found that multivariate indices are more sensitive than univariate variables for detecting changes in marine com munities (Warwick and Clarke 1993) . In conclusion, the present study shows that coral com munities off the coast of Motobu, Okinawa, Japan, have begun to recover a decade after the 1998 thermal event, but that the degree of recovery varies among sites de pending on the dominant coral populations at each site.
Massivetype corals such as Porites and faviids, which were noted to be shortterm winners after the thermal event, did not increase significantly, as observed also at the adjacent Sesoko SE reef. Conversely, longterm losers, which were thought to be locally extinct, were observed at the present study sites. Variability in the structure of coral communities was greater on the smaller scale (ca. 100 m), which implies that aside from environmental conditions, recruitment and post-settlement survival play significant roles in influencing coral populations. Multivariate analysis, particularly regarding coral taxa composition, proved to be useful for detecting variability in community struc ture, as it shows differences both on the scale of sites (ca. 100 m) and locations (ca. 1 km). Analyzing the structure of coral communities on different scales, and considering both univariate and multivariate aspects of coral commu nities, seem to provide an appropriate approach for ex amining the dynamics of reef recovery.
